Abstract. Photochemistry occuring in biomass burning plumes over the tropical south Atlantic is analyzed using data collected during the Transport and Atmospheric Chemistry Near the Equator-Atlantic aircraft expedition conducted during the tropical dry season in September 1992 and a photochemical point model. Enhancement ratios (AY/AX, where A indicates the enhancement of a compound in the plume above the local background mixing ratio, Y are individual hydrocarbons, CO, 03, N20, HNO3, peroxyacetyl nitrate (PAN), CH20, acetone, H202, CH3OOH, HCOOH, CH3COOH or aerosols and X is CO or CO2) are reported as a function of plume age inferred from the progression of Anon-methane hydrocarbons/ACO enhancement ratios. Emission, formation, and loss of species in plumes can be diagnosed from progression of enhancement ratios from fresh to old plumes. 03 is produced in plumes over at least a 1 week period with mean AO3/ACO = 0.7 in old plumes. However, enhancement ratios in plumes can be influenced by changing background mixing ratios and by photochemical loss of CO. We estimate a downward correction of-20% in enhancement ratios in old plumes relative to ACO to correct for CO loss. In a case study of a large persistent biomass burning plume at 4 -km we found elevated concentrations of PAN in the fresh plume. The degradation of PAN helped maintain NOxmixing ratios in the plume where, over the course of a week, PAN was converted to HNO 3. Ozone production in the plume was limited by the availability of NOx, and because of the short lifetime of 03 at 4 -km, net ozone production in the plume was negligible. Within the region, the majority of 03 production takes place in air above median CO concentration, indicating that most 03 production occurs in plumes. Scaling up from the mean observed AO3/ACO in old plumes, we estimate a minimum regional 03 production of 17 x 101ømolecules 03 cm-2s -1. This 03 production rate is sufficient to fully explain the observed enhancement in tropospheric 03 over the tropical South Atlantic during the dry season.
laboratory to characterize emissions from biomass burning in both temperate [Cofer et al., 1989 [Cofer et al., , 1990 Thompson et al., 1996 ] less work has focussed on how biomass burning emissions evolve in plumes as they photochemically age, or on the contribution of 03 production in plumes to the regional 0 3 enhancement. In this paper we address these issues. This paper is organized into five sections. In section 2 we describe a method of classifying plumes by photochemical age and we examine the temporal evolution of enhancement ratios (AY/AJO of photochemical tracers in the TRACE A plumes. We also discuss the influence of changing background concentrations and photochemical loss of CO on enhancement ratios. Section 3 is a case study of a large biomass burning plume sampled off the west coast of Africa. In section 4 we examine the influence that the dispersal of biomass burning plumes has on regional ozone production. Results of our analysis are summarized in section 5.
Data Analysis

Identification of Plumes and Determination of Enhancement Ratios
We identified biomass burning plumes sampled during the TRACE A expedition in time series plots of CO mixing ratio using the criteria that a plume exhibit an enhancement of at least 20 ppbv CO relative to local background. Concurrent enhancements in other emitted species including CO2 and C2H2 were used for confirmation. Enhancements in halocarbon concentrations (e.g. C2C14 and CH3CC13) identified urban pollution plumes (flight 5 along the east coast of Brazil and flight 8 returning to Rio de Janeiro), and these plumes were discarded. For each plume, least square regressions of every species were calculated relative to CO and CO2, and the slope of each regression was obtained using the reduced-major-.axis method [Hirsch and Gilroy, 1984] . The slope.provides the enhancement ratio in the plume relative to the local background (AY/AX). Statistically significant regressions were diagnosed using a t -test with 95% confidence limits. In order to exclude regressions which appeared statistically significant due to a large number of observations but which actually included two separate populations of points r 2 > 0.3 was also required.
We based our analyses on merged time series of aircraft measurements where all the data were averaged over a common time interval. In TRACE A the frequency and time resolution of measurements varied considerably. Measurements for some species were reported with 5 -second resolution (CO, CO2, CH4, and N20), while averaging times were longer for other species (10 seconds for 03, 60 seconds for CH20, 90 seconds for NO, 130 seconds for acetone, and 150 seconds for PAN). For still other species the frequency of measurements and the sampling interval were variable (NMHCs and halocarbons, H20 2, and HNO3). We chose to average the data over the measurement time interval of the critical species with coarsest time resolution. Depending on the question we are addressing, the critical species changes. We therefore use eight different merges matching the sampling time interval of particular species: 10-second merge (CO, CO2, CH4, N20, and O3), 60-second merge (CH20), 90-or 180-second merge (NO), 130-second merge (acetone), 150-second merge (PAN), and three variable-time merges (NMHCs, HNO3, H202).
Plume Classification and Locations
The temporal evolution of enhancement ratios is a function of both photochemistry and plume dilution [McKeen and Liu, 1993] . NMHCs provide a diagnostic of the relative age of plumes, with significant correlations between shortlived NMHCs and CO present only in relatively fresh plumes and correlations between longer-lived NMHCs and CO being maintained in older plumes. We classified biomass burning plumes into four age categories using the presence or absence of enhancement ratios for 10 NMHCs with a range of lifetimes (as shown in Table 1 ) to CO. Table 2 gives mean enhancement ratios relative to CO (ANMHC/ ACO) for hydrocarbons used to assign relative plume ages for each of the four age categories. For a particular ANMHC/ ACO a systematic decrease in slope from one age category to the next is usually observed because of the more rapid disappearance of the NMHC than of the CO. As plumes age, enhancements of short-lived hydrocarbons progressively disappear. Significant enhancements of at least one NMHC with a lifetime at low altitudes of < 0.2 days (isoprene, 1-butene, or propene) was required to categorize a plume as fresh; between 0.5 and 1-day (ethene or toluene) was required to categorize a plume as recent; between 2 and 5 days (n-butane, benzene, or propane) was required to categorize a plume as aged; and > six days (acetylene or ethane) was required to categorize a plume as old. The ages of individual plumes were also estimated independently from advanced very high resolution radiometer (AVHRR) satellite imagery of fire locations in combination with meteorological back trajectories. Fresh plumes were typically less than half a day old, recent plumes were < 1 day old; aged plumes were < five days old; and old plumes were < 1 week old. Tables 3a and 3b present enhancement ratios relative to CO and CO2 for a number of species: 03, CH 4, N20, CH3CI, HNO3, PAN, CH20, (CH3)2CO, H202, CH3OOH, HCOOH, CH3COOH, and aerosols. We examine enhancement ratios versus both CO and CO2 because each compound has particular advantages and disadvantages. CO2 is chemically inert in the atmosphere but exchanges with the biosphere; it also has a large background concentration which can make small enhancements difficult to detect above natural variability. CO, emitted primarily during smoldering combustion, is an attractive reference because it correlates well with other partially oxidized and reduced compounds emitted during similar combustion regimes. It is not taken up by vegetation, and its background mixing ratio is 3 orders of magnitude lower than CO2, making detection of combustion plumes easier. However, CO is not chemically inert.
We observe that as plumes age ACO/ACO2 decreases, with the most appreciable decrease between fresh and recent aged plumes (see Table 3b ). There are two possible explanations for this decrease. First, background mixing ratios are not the same in all plume age categories (see Table 4 ). Second, there is photochemical loss of CO over the lifetime of the plume. These two factors have implications for all enhancement ratios and will be discussed, in turn, below. 
Photochemical Evolution of Plumes Determined From Enhancement Ratios
Through an examination of the mean enhancement ratios relative to CO and CO2 shown in Table 3 we can gain insight into which species are emitted from the fire and which are produced through oxidation processes in the plume. Species which exhibit strong correlations with CO in fresh plumes and weaker correlations as plumes age and which have enhancement ratios which decrease as plumes age are presumably emitted from the fire or formed in the fresh plume.
Species which show increasing correlation with CO and enhancement ratios which increase more rapidly than can be explained by the loss of CO as plumes age are presumably produced gradually in the plumes. ligible when considering further aging (see Table 4 ). We 2.4.5. Peroxides. Examining enhancement ratios (Table  3) for the four plume age categories, we do not find as clear a signature for initial production of peroxides within the fire as we did for CH20. Only 33% of the correlations in fresh plumes were significant for H202, and none were significant for CH3OOH. The fraction of plumes in the recent and aged categories which exhibited significant correlations for AH202/ACO and ACH3OOH]ACO never exceeded 30% and were < 10% in old plumes. The lifetimes of the peroxides against photolysis and reaction with OH are typically < 1 day (see section 3). The fact that significant correlations did not entirely disappear indicates that the net photochemical production of peroxides in the plumes was sufficient to maintain H202 mixing ratios enhanced over the background and to produce CH3OOH.
2.4.6. Acetone. A biomass burning source of acetone was identified in boreal biomass fires by Singh et al. [1994] , and when all TRACE A acetone measurements are plotted versus CO, a strong positive correlation results, indicating a regional biomass burning source of acetone ' (see Figure 7) . However, examining enhancement ratios (Table 3) only about 25% of the older age categories, reflecting, we believe, the relatively sparse acetone measurements. The data suggest that acetone is formed as a secondary product in the plume, possibly from the oxidation of propane (see section 3).
African Plume Case Study
On air parcels for these flights last passed over burning areas on October 12, 1992, 2, 3, and 5 days before they were intercepted by the aircraft. Although the origin of the emissions sampled in mission 10 (used to initialize the calculation) was east of the origin of the emissions sampled in missions 13, 14, and 15, the African ecosystem at this latitude is primarily grassy and woody savanna [Lavenu, 1987] , and drought conditions prevailed in both areas. We therefore assume that the time since emission is the most critical factor determining plume composition.
Evolution of NOy Partitioning
In Plate 2 we show vertical profiles of CO, HNO 3, PAN, and NO x mixing ratios in the plume sampled during mis- The nondiluting plume simulation indicates that 80% of net ozone production occurs within the first 24 -hours of emission. In subsequent days, ozone production is only sufficient to maintain elevated 03 mixing ratios in the nondiluting plume while the diluting plume experiences net loss. Measurements within the plume on flights 13 and 14 show even lower ozone mixing ratios than are obtained in the diluting plume simulation. The low 03 production in this plume contrasts with the more generally observed increase of AO3/ACO from the fresh to the old plume categories (Table 3a). We attribute the discrepancy to the relatively low altitude of the simulated plume, resulting in short lifetimes for both NO x and 03.
Photochemical production of ozone in tl•e plume is NO xlimited as shown in Figure 10 . Doubling initial NO, NO2, HNO 3, and PAN concentrations increased 03 mixing ratios by -7 ppbv, while doubling CO, CH 4, and NMHC concentrations increased 03 mixing ratios by only 2 ppbv throughout the weeklong simulation.
Simulated and observed concentrations of CH20 and peroxides offer an additional measure of chemical activity in the plume. The initially high mixing ratio of CH20 indicates that it is primarily emitted during the combustion process or formed rapidly in the fresh plume. Oxidation of propene and ethene helps maintain CH20 concentrations for the first day. In this simulation, CH20 has a lifetime of-4 hours, indicating that net photochemical production, primarily from the oxidation of CH 4, maintains the 400 pptv enhancement above background for the rest of the weeklong simulation.
The diluting and nondiluting model simulations bracket the H202 measurements, but the model greatly underestimates observed CH3OOH. The reason for this is unclear but may be due to too low a rate constant in the model for HO2+CH302. Model lifetimes of H202 and CH3OOH in the simulation are -0.8 and 0.3 days, respectively, indicating that net photochemical production is responsible for maintaining H202 mixing ratios above background. Mean AH202/ACO and ACH3OOH/ACO enhancement ratios in the data indicate the formation of peroxides as the plumes age; however, in the model this is only observed for H202 in the nondiluting simulation.
Acetone has a lifetime in the model of-7 days with losses 
Regional Budget Analyses
Scaling Up From Measurements
To examine the relative importance of plumes on regional 03 production, we plot a cumulative sum of both gross ozone production and loss calculated using the 0-D model versus the CO m;.xing ratio. Because chemistry varies with altitude, Figure 11 shows these plots in altitude intervals of 8-12, 4-8, and 0-4 km. The cumulative 03 production at a particular CO concentration represents the total 03 production which has been cumulatively produced by all points below that CO level. We consider 03 production occurring in air masses with CO above median mixing ratios to represent 03 production in plumes. Figure 11 shows that at median biomass burning plumes to the regional 0 3 enhancement. In contrast, at northern high latitudes, Mauzerall et al. [1996] found that biomass burning plumes made a negligible contribution to the region's 0 3 budget. Since in the TRACE A region the majority of 0 3 production takes place in plumes, we are justified in scaling up from the observed AO3/ACO enhancement ratio in old plumes (section 2.4) to estimate a minimum regional 0 3 production. To assess the role of biomass burning plumes as regional sources of 0 3 for the TRACE A conditions, we scale our enhancement ratio for old plumes (AO3/ACO) as follows:
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Here So3 Figure 12 shows a maximum in gross ozone production and loss at low altitudes and within fresh plumes and shows a decrease in both production and loss as altitude increases and plumes age. 03 production is dominated by HO2 + NO with CH302 + NO being a relatively minor secondary source at all altitudes. 03 production is largest in the freshest most polluted plumes because of elevated NO x mixing ratios. In background air at high altitudes, net ozone production remains positive, while in background air at low altitudes, net production is close to zero. In the stratospheric air (mean CO~70 ppbv in the 8-12 km plot) net ozone production mains slightly positive, while in the marine boundary layer (mean CO ~ 70ppbv in the 0-4 km plot), net ozone production is negative. Throughout. the column OlD + H20 is the primary loss route for 03, followed b3/03 + HO 2 and 03 + We diagnose emission, formation, and loss of species in plumes from progression of enhancement ratios from fresh to old plumes. We find that 03 is produced in plumes over at least a 1 week period with mean AO3/ACO = 0.7 observed in old plumes; that CH20 is prim .arily emitted during the fire or formed shortly thereafter, then subsequently lost as the plume ages; and that acetone iS formed after emission as the plume ages. We found Aco/Aco 2 decreases from 0.05 to 0.02 from regions of fresh fires to remote ocean locations as a result of the photochemical loss of CO and decreasing background mixing ratios of CO and CO2. We estimate that a downward correction of ~20% in enhancement ratios relative to ACO is necessary in old plumes due to photochemical loss of CO.
In our case study of a large biomass burning plume sampled at 4 -km altitude over the course of 5 days off the west coast of Africa we found elevated concentrations of PAN in the fresh plume. The degradation of PAN helped maintain NOx mixing ratios in the plume where, over the course of a week, PAN was converted to HNO3. Ozone production in the plume was limited by the availability of NOx, and because of the short lifetime of 03 at 4 -km, net ozone production in the plume was negligible.
We examined the influence that biomass burning plumes have on regional ozone production. We found that the majority of 03 production takes place in air above the median CO concentration, indicating that most 03 production occurs in plumes. Maximum gross ozone production and loss rates occur at low altitudes and within fresh plumes. Rates decrease as altitude increases and as plumes age. A simple wet season model simulation indicates that gross 03 production rates in background air during the dry season are ~3 times larger than during the wet season.
Scaling up from the mean observed AO3/ACO in old c The 0-8 km mixing ratios are specified from observations during the wet season from Singh et al., [ 1990] . The 8-12 km mixing ratios are specified from median mixing ratios observed during the wet season on the southern hemispheric portion of flights be- 
